Relaxation of smooth muscle is viewed as a`resetting' of contractile machinery and the resumption of a pre-contractile state is accomplished by lowering cytosolic Ca 2 andaor by decreasing the sensitivity of the contractile machinery to Ca 2 . There are several mechanisms whereby cytosolic Ca 2 can be reduced and relaxation achieved but, in general, all pathways depend upon the accumulation of cyclic nucleotides cAMP and cGMP or on the activation of K channels resulting in hyperpolarization. Recently, activation of Na aK
Introduction
Contractility of penile smooth muscle (arterial and trabecular) is regulated by several factors: adequate levels of agonists (neurotransmitters, hormones and endothelium-derived substances), adequate expression of receptors, integrity of the transduction mechanisms, calcium homeostasis, interaction between contractile proteins, and effective intercellular communication among smooth muscle cells (gap-junctions). 1 
Penile smooth muscle contraction
The contraction of smooth muscle depends on the relatively rapid rise of the intracellular concentration of free calcium. This concentration must be sustained for the contractile tone to be maintained. Several mechanisms are activated favoring entry of calcium from the extracelular compartment andaor the release of calcium accumulated in intracellular organelles; mainly the sarcoplasmic reticulum. 2,3
Adrenergic mechanisms
Detumescence of the erect penis is mediated by adrenergic nerve terminals whose neurotransmitter, norepinephrine, activates adrenergic receptors. Contraction of human penile arteries and trabecular smooth muscle is largely mediated by alpha 1 adrenergic receptors. 4, 5 The alpha 1 d and alpha 1 a subtypes are expressed with higher density in the trabecular muscle. 6 These alpha-adrenergic receptors can also be stimulated by circulating catecholamines (norepinephrine as well as epinephrine). Contraction mediated by alpha 2 -receptors depends on the entry of calcium from the extracellular compartment while the activation of alpha 1 receptors provokes the initial release of intracellular calcium with subsequent extracellular calcium entry for the maintenance of the contractile tone.
Adrenergic stimulation causes vasoconstriction of the penile arteries and contraction of the trabecular muscle which results, respectively, in the reduction of the arterial in¯ow and in the collapse of the lacunar spaces. The contraction of the trabecular muscle causes decompression of the drainage venules from the cavernous bodies, allowing the venous drainage of the lacunar spaces. 7 ± 9 Even though the role of the adrenergic neuroeffector system as mediator of detumescence of the erect penis has been demonstrated, its role in the maintenance of the penile¯accidity is not clearly de®ned. An important argument against an alphaadrenergic mechanism in the maintenance of thē accidity of the penis is the observation that the intracavernosal injection of an alpha-adrenergic receptor blocker, in the absence of other stimuli, does not cause an erection. However, alphaadrenergic blockers are effective in prolonging the duration of an already established erection.
Endothelin and some eicosanoids (PGF 2 alpha, thromboxane A 2 ) are candidates to participate in the maintenance of penile¯accidity. Endothelin-1 is a member of a family of three peptides, discovered in 1988. 10 This peptide is a potent constrictor synthesized by the lacunar endothelium and, possibly, by the trabecular muscle itself. 11,12 Its presence and constrictor activity in human cavernous tissue suggests that it participates in the regulation of trabecular smooth muscle contractility. It has also been demonstrated that endothelin potentiates the constrictor effects of catecholamines on trabecular smooth muscle. 13 Two receptors for endothelin, ET A and ET B , mediate the biological effects of endothelin in vascular tissue. ET A is the principal mediator of contraction in response to endothelin while ET B prevails in endothelium, mediating an endotheliumdependent vasodilator response. The mechanism of intracellular transduction for both receptors is the activation of inositol-phosphate metabolism, with release of intracellular calcium and activation of protein kinase C (PKC).
Several constrictor prostanoids, including PGH 2 , PGF 2 alpha and thromboxane A 2 (TXA 2 ) are synthesized by the human cavernous tissue. In vitro studies have demonstrated that prostanoids are responsible for the tone and the spontaneous activity of isolated trabecular muscle. 14 Also, it has been observed in vitro that constrictor prostaglandins, simultaneously released with nitric oxide, attenuate the dilator effect of this substance. 15 The correlation of these in vitro ®ndings with the physiological regulation in vivo has not yet been established.
Penile smooth muscle relaxation
Dilation of the penile arteries (cavernous artery and helicine arteries) is the ®rst event in the development of erection. Its consequence is the increase of blood¯ow and pressure into the lacunar spaces. Following arterial dilation, the trabecular muscle relaxes, increasing the compliance of the lacunar spaces and facilitating the accumulation of blood. The relaxation of the muscle depends on endocrine (circulating substances) and paracrine mechanisms (neurogenic and endothelial) and, possibly, on autocrine mechanisms (release of vasodilator substances generated in the muscle).
Role of nitric oxide and the cGMP pathway
Nitric oxide (NO) is a highly reactive and chemically unstable molecule. It is now known that this molecule is synthesized in different types of mammalian cells and that it is a modulator of several biological activities, including endothelium-dependent dilation of blood vessels, inhibition of plateletaggregation, and macrophage cytotoxic activity. NO also has a role as a neurotransmitter in the peripheral and central nervous system. 16 The constitutive forms of nitric oxide synthase (NOS), located in nerves (nNOS) and endothelium (eNOS), use the amino acid arginine and molecular oxygen to produce nitric oxide and the amino acid citrulline. 17, 18 This reaction requires a series of cofactors, among them NADPH, tetrahydrobiopterin and calcium-activated calmodulin. The inducible form of this enzyme, whose expression in cells occurs after the stimulation with cytokines, does not require calcium activated calmodulin as cofactor. 18 ± 23 While the constitutive isoforms of NOS have been identi®ed in the cavernous body, the presence or possible physiological role of the inducible form in this tissue is yet to be determined.
Unlike many other regulatory substances, such as the classic neurotransmitters (acetylcholine, noradrenaline) or growth factors, nitric oxide does not have a speci®c receptor on the cellular membrane. Nitric oxide crosses the plasma membrane of the cells, targeting guanylate cyclase and producing a conformational change in the enzyme that increases its activity. Activated guanylate cyclase catalyzes the conversion of guanosine-5 0 -triphosphate (GTP) to 3 0 , 5 0 cyclic guanosine monophosphate (cGMP). The accumulation of cGMP sets in motion a cascade of events at the intracellular level which induce a loss of contractile tone. These include hyperpolarization, closure of voltage-activated calcium channels, sequestration of calcium by intracellular organelles, decrease in intracellular calcium and, probably, changes in the af®nity of the contractile apparatus for calcium (Figure 1 ).
The cAMP pathway
Vasoactive intestinal peptide (VIP), in the autonomic nerves, prostaglandin E (PGE 1 and PGE 2 ), synthesized by the smooth muscle, and neural or circulating catecholamines (norepinephrine and epineprine) stimulate speci®c receptors coupled to Gs proteins. This coupling, in turn, stimulates the adenylate cyclase that catalyzes the formation of cAMP. This is an ef®cient route for the relaxation of the smooth muscle of the penis, as demonstrated by the erectogenic effect of intracavernosal PGE 1 administered for the treatment of impotence. It is probable that the coordinated activation of both pathways, cGMP and cAMP, participates in the physiology of erection.
During the 1980s, a great amount of attention was given to VIP as the possible mediator of erection. This proposal was based on the observation of VIPcontaining nerve ®bers in cavernous tissue and that exogenous VIP was a potent relaxant of the smooth muscle of the penis. 24 ± 26 Furthermore, intracavernosal administration of VIP caused tumescence and rigid erection in some individuals. 27 The discovery of the role of NO diverted the interest from VIP to the new molecule, at least for the time being. Recently, co-localization of VIP and nNOS in nerves within the corpus cavernosum has been reported. 28 This has revived, once more, the concept of cotransmission in this tissue and the interest in VIP. The two molecules, VIP and NO, may induce relaxation in the muscle by two different pathways that are potentially synergistic. Selective release of neurotransmitters that are dependent on the stimulation frequency has been demonstrated. Thus, nitric oxide might be released at low frequencies, while the largest release of VIP would occur with high frequencies. The precise physiological role of this modulation in the release of neurotransmitters in erection is not known. VIP receptors in the cavernous body are coupled to Gs proteins that stimulate the catalytic activity of adenylate cyclase with formation of cAMP (Figure 2) .
Prostaglandin E 1 and E 2 are the most abundant prostanoids synthesized by the smooth muscle of the penis. It is not known if the endogenous prostanoids participate in the regulation of penile smooth muscle contractility, although preliminary evidence supports such a role for PGE. The receptor(s) that mediate relaxation to PGE are designated the EP receptor. Of the four subtypes that exist in the EP family, the speci®c target has not been determined, but since they are coupled to Gs proteins which stimulate adenylate cyclase, the EP 2 and EP 4 subtypes are the most likely candidates.
Finally, stimulation by catecholamines of betaadrenergic receptors causes relaxation of arterial and trabecular smooth muscle. The beta 2 subtype is probably the most important receptor mediating these effects. 29 ± 31 Adrenaline has a high af®nity for this receptor, whose stimulation partly counteracts the constrictor effects of this catecholamine, mediated by beta-adrenergic receptors. There is evidence in the vascular system that the expression of beta 2 -adrenergic receptors decreases with age. Therefore in the erectile tissue, the constrictor mechanisms (beta-adrenergic) would be expected to progressively prevail.
Relaxation through hyperpolarization of the muscular cell
One of the mechanisms by which the cyclic nucleotides induce relaxation of the smooth muscle is through the opening of potassium channels, hyperpolarizing the cell. This effect on K -channels can be provoked by the cAMP-dependent protein kinase (PKA), by the cGMP-dependent protein kinase (PKG) or by cGMP itself. The activation of potassium channels (of the`maxi-K ' type) by the action of the PGE 1 , an effect mediated by cAMP, has been demonstrated. 32 It has also been demonstrated that relaxation of penile arteries is partly inhibited by blocking calcium-dependent K -channels. 22 Hyperpolarization causes the closure of voltagedependent calcium channels, therefore reducing the calcium entry from the extracellular compartment, with decrease in the concentration of intracellular free calcium and subsequent relaxation of the muscle.
Independent of this mechanism, provoked by the action by cyclic nucleotides, it has been proposed that, in arteries, nitric oxide can directly stimulate the opening of potassium channels as well as the Na aK ATPase (the sodium pump). This last mechanism has been demonstrated in trabecular muscle. 33 The Na aK ATPase pump is electrogenic due to the fact that it extracts three positive charges from the cell while introducing only two. The cell hyperpolarizes, initiating the same mechanisms of calcium channels closure described after the activation of K -channels. This process represents, therefore, a mechanism for relaxation that does not depend on cyclic nucleotides. 
